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Abstract The main purpose of this paper is to propose a frictional damper so as to enhance structural
damping leading to the chatter suppression in the slender endmill tool. The proposed damper is composed
of a core press fitted inside amulti-fingered hollow cylinder. Core and cylinder both are press fitted into an
axial hole inside the tool. First, an analytical model is developed for the damper. Then, a parameter study
is conducted to find optimum parameters of the damper for the increase of the stability limit as much as
possible. In order to validate the analytical model, a nonlinear finite element model of the dampedmilling
tool is simulated using ANSYS software package. Having finite element model, the stability lobe diagrams
for simple tool and optimally damped tool are extracted from frequency response functions. Modal test
is applied to a real specimen of damped tool in order to validate finite element results. Good agreement
between experiments and modeling is obtained.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Chatter phenomenon is a self-excited vibration that com-
monly occurs during machining in high rates of material re-
moval. Chatter is a limiting factor in machining process, and
it reduces surface finish quality, tool permanency and speed
of manufacturing. Many attempts have been made to increase
the stability of machining process against the chatter, so as
to improve the performance and the speed of machining pro-
cess. Proposed approaches are divided into two main cate-
gories: control of cutting process, and control of machine tool
structure [1]. Stability Lobe Diagrams (SLDs), which show the
stable depth of cut for different spindle speeds, are a very im-
portant criterion for control of the cutting process. Most efforts
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spindle speed to seek a stable region of cutting on the SLD. As
an example, for the chatter suppression in the milling process,
using a continuously variable, spindle speed was investigated
in [2]. In addition, a method of programming spindle speed was
presented in [3] for the chatter suppression during the cutting
process based on minimum energy input. In [4], according to
the region on the SLD where the process is located, the chat-
ter is avoided by taking the machine to a stable spindle speed.
The variable spindle speed machining was adopted in [5] to
suppress the chatter in a fast tool servo-assisted noncircular
turning process. The main drawback of the aforementioned ap-
proaches lies in the fact that a very exact prediction of the ma-
chining behavior is required.
Another parameter widely used to control the cutting
process is the tool geometry. For instance, both time-varying
spindle speed and time-varying rake angle were used in [6] to
suppress the chatter in the turning process. Furthermore, the
variable helix and variable pitch tool geometry were modified
in [7] to avoid the chatter phenomenon occurring in endmilling
tools.
Control of machine tool structure is further divided into
active control, semi-active control and passive control meth-
ods [1]. In active structural control approach, the stability lobes
of machining process are improved by applying a feedback con-
trol system. The active control system is implemented, using ac-
tuators and sensors for feedback control of structural dynamics.
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ing bar under regenerative cutting condition was investigated
theoretically and experimentally. In [9], an active control sys-
tem was experimentally investigated for the chatter suppres-
sion during the milling process, using actuators and sensors
implemented around the spindle and tool. In semi-active con-
trol approaches, a feedback control is used by an indirect effect.
Effect of semi-active structural control approaches is applied to
the structure by online adjustment of structure properties such
as damping or stiffness. Ganguli et al. [10] used an active mass
damper implemented on a mechatronic chatter simulator to
study its effect on stability. For the chatter suppression in bor-
ing tools, Ref. [11] proposedmagnetorheological (MR) dampers
to improve stability of the system. In addition, an MR fluid con-
trolled boring bar was developed in [12] as an anti-chatter tool.
Viscosity of an MR fluid changes when it is imposed by an ex-
ternalmagnetic field. Hence, in these studies, theywere applied
to adjust the stiffness of the tool and to suppress the chatter. Al-
though very effective, active and semi active strategies are too
expensive and required complicated setups.
Passive method is another approach to suppress the chatter
which is less effective. On the other hand, ease of usage
with no need to online supervision has caused the passive
strategy to be highly used during recent years. Passive chatter
control methods have been employed successfully for many
machining systems. It was reported in [13] that increasing
damping capacity of the machining system through the passive
control method resulted in more stability in high rate of
material removal. Increasing the structural damping leads to
an increase in the dynamic stiffness of the system which is
the product of modal stiffness and damping ratio. Dynamic
stiffness proportionally affects the stable chatter-free depth of
the cut [13,14]. In order to increase the damping capacity of a
system in passive structural control, various kinds of dampers
are used. The simplest kind of the used passive damper is a
tuned mass damper which is composed of a dynamic absorber
mass connected to the main vibrating body through passive
spring and damper elements [15]. In Ref. [16] design and
application of tuned viscoelastic dampers for vibration control
in milling operations were presented. In addition, a nonlinear
tuned mass damper containing an additional element of elastic
support with dry friction was proposed in [17,18] to improve
the performance machining via the chatter suppression.
Impact dampers are also used to suppress the chatter
in boring and drilling [19,20]. They are composed of a free
mass equipped in a hole inside the main structure with a
clearance and act like tuned mass dampers. Energy dissipation
in these dampers is a result of collision between main body
and the free mass during vibration. In [21], suppression of the
chatter vibration in endmilling process was attempted using
an impact damper. Mass and clearance of impact dampers
and also stiffness and damping of tuned mass dampers need
to be accurately tuned according to the natural frequency of
structure, so as to achieve higher effectiveness [22]. Design and
optimal tuning of multiple tuned mass dampers for machine
tool chatter suppression was investigated in [23].
Another type of passive dampers is a frictional damper that
needs no tuning. Damping in the frictional dampers is generated
due to the friction between different parts of the damper. For
example, in order to increase the damping capacity of the
system in Ref. [24], a rectangular hole was made in a boring bar
and a plate a bit larger than the hole was inserted in it. Friction
between hole and plate during bending vibration results in the
energy dissipation, leading to the improvement of the dampingFigure 1: Damper parts assembling.
and stability of the tool. In [25], a typical design of the frictional
damper was presented and experimentally tested to eliminate
the high frequency chatter in boring. Their proposed damper
had a simple structure consisting of an additionalmass attached
to the structure via a piece of permanent magnet. In [26–29],
another friction damper was used inside a milling tool. This
damper was composed of a hollow multi fingered cylinder
inserted inside the tool. During the milling process when the
tool is rotating, the centrifugal force creates a pressure between
fingers and tool body leading to the energy dissipation via
friction work during bending vibrations. This damper improves
the efficiency of tool up to 53% in the best case.
In this paper, the authors aim to achieve a higher level of tool
efficiency by modifying the proposed damper in [28,29] with a
core inside the fingers.
2. Structure of the frictional damper
As mentioned above, the proposed damper in this paper
is composed of a multi fingered hollow cylinder while a solid
cylinder core is press fitted at the center of the multi fingered
hollow cylinder. In addition, composition of the fingers and core
is press-fitted in an axial hole created inside the tool body, as
well. Constitutive parts and assembling scheme of the damper
are depicted in Figure 1. In this figure the machining force,
which is imposed to the tool tip laterally, might be in X and/or
Y directions.
Press fitting enhances the pressure between the parts lead-
ing to an increase in the friction force between the surfaces. The
effect of press fit pressure seems to be much higher than the
centrifugal effect. The way of calculating this pressure is dis-
cussed in [30]. Furthermore, the existence of the core provides
additional friction surfaces resulting in higher damping effect.
For a similar damper, an analytical modeling was developed
in [28]. Thismodel evaluates the effect of damper by computing
the damper frictional work as the damper deflects under the ac-
tion of an external static load. Their proposed model was only
a qualitative model with no capability to predict process stabil-
ity. Thus, in order to evaluate the effect of the damper on the
milling process, a newmodeling seems to be necessary. Here, a
newmodeling is developed based on the equivalent force of the
damper by incorporating the rotation of the system. Using this
model, the effect of the damper can be added to the dynamic
of the milling process [10]. SLD, which is the most important
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index of tool performance in machining, can be obtained with
thismodel. Having SLDs, comparison between experimental re-
sults and analytical results can be more meaningful. The pro-
posedmodel is used for the analysis and parameter study of the
damper. Figure 2 shows the cross section of the tool with the
damper inside it.
3. Analytical modeling
For a rotating cylinder with angular velocity of Ω , the
equilibrium equation is as follows [30]:
d
dr
[
1
r
d(ru)
dr
]
= −χr, (1)
where:
χ = ρΩ
2(1− ν2)
E
.
Solving this equation for three parts including core, fingers,
and tool body, and applying boundary conditions gives the
pressures between contact surfaces (Pin at r1 and Pout at r2). For
partsmade by the samematerial, the pressureswill be obtained
by solving the following set of equations:
Pin
 −2
E(r21 − r22 )

+ Pout

2
E(r21 − r22 )

= e1 − χ(3+ ν)4(1− ν2) , (2)
Pin

2r2r21
E(r21 − r22 )

+ Pout
[−2r2
E

r23
(r22 − r23 )
+ r
2
1
(r21 − r22 )
]
= e2 − r2χ(3+ ν)4(1− ν2)

r23 − r21

, (3)
where E is the elasticity modulus, ρ is the density, ν is Poisson
ratio, and e1 and e2 are respectively the surface interference
between internal and external surfaces of the damper in r1 and
r2. Parameter r3 is taken as average radius of the tool body.
Having these pressures, the equal moment caused by the
damper for inside and outside contact surfaces can be expressed
by integrating the resulting friction force multiplied by the
distance of surfaces of fingers from the centers of fingers,
core and tool body. Figures 3 and 4 show bending induced
frictionforces in a part of the tool with the damper inside during
the bending deflection. It is explained in the following how toFigure 3: An exaggerated free bodydiagramshowingdirection of friction forces
along contact surfaces.
Figure 4: Friction forces between damper parts in section view.
compute the damper force created by sliding the surfaces of
various frictional damper parts against each other.
For the considered direction of the deflection on the external
surface of fingers and internal surface of tool body, there will
be such a displacement that will cause a resistive friction force
towards inside the plane on the tool body and an exciting
friction force towards outside the plane on the finger body.
These forces are shown in Figure 3 which is an exaggerated free
body diagram for the core, finger and part of the tool body with
separated contacts for better illustration. Friction force on each
contact point is taken equal to dFf = µPoutdAwhere an element
of area on the contact surface (dA) for the external contact is
equal to dA = r2ldθ . According to Figure 4, the normal distance
of the friction force on the tool body at each point from the
tool center is equal to r2 sin θ , and the normal distance of the
friction force on the surface of the fingers at each point from the
finger center is equal to r2 sin θ − Y¯fi [28]. Therefore, there are
two couples on the external surface of each finger: a resistive
couple with normal distance of Y¯fi and an exciting couple with
normal distance of r2 sin θ − Y¯fi. Also, the force that generates
this couple is dFf = µPoutr2ldθ (where φi − (π/Nf ) ≤ θ ≤
φi + (π/Nf ) − (c/r2), and c is the cut space that is the width
of slits, created during the manufacturing process, to form the
fingers (Figure 4)). Subtracting these couples, the outside of the
damper’s couple (Mfo) can be integrated on the external surface
of each finger and tool length (l) as follows:
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φi− πNf
µPoutlr2

r2 sin θ + Y¯fi − r2 sin θ

dθ
= µPoutlr2Y¯fi

2π
Nf
− c
r2

, (4)
where Y¯fi is the normal distance between the center of ith finger
and the tool center, and may be given as follows:
Y¯fi = 2Nf

r32 − r31

3π

r22 − r21
 sin π
Nf

sin (φi) , (5)
where φi is the angle between X axis and a line connecting the
tool center and the center of ith finger (Figure 4), and can be
expressed with respect to the rotational speed (Ω) as:
φi = Ωt + 2π(i− 1)/Nf . (6)
Such forces can also be determined for internal surface of
fingers and core surface (Figures 3 and 4). The normal distance
between inside surface of fingers and center of fingers is equal
to Y¯fi−ri sin θ , and thenormal distance between the core surface
and the core center is equal to r1 sin θ . Similarly, the inside
of damper’s couple (Mfi) can be integrated for each finger as
follows:
Mfi =
∫ φi+ πNf − cr1
φi− πNf
µPinlr1

r1 sin θ + Y¯fi − r1 sin θ

dθ
= µPinlr1Y¯fi

2π
Nf
− c
r1

. (7)
Adding up Eqs. (4) and (7), equal force of damper on the tool
tip will be obtained by dividing the overall moment to the tool
length (l).Fd = −sign(Y˙ )
[
µr1Pin

2π
Nf
− c
r1

+µr2Pout

2π
Nf
− c
r2
 Nf−
i=1
Y¯fi

. (8)
In this equation, −sign(Y˙ ) gives the direction of the damper
force that is always against the motion of the system. It should
be noted that the motion of the system is not merely in X
or Y directions. Based on the dynamical model of the milling
process [10], whether the direction of milling is in X or Y
direction, the vibration of the tool tip will be in both X and Y
directions. Thus, the damper force (Fd) will be divided in X and
Y directions as follows:
FdX
FdY

= −
[
µr1Pin

2π
Nf
− c
r1

+µr2Pout

2π
Nf
− c
r2
 Nf−
i=1
Y¯fi

×

Xsign(X˙)/

X2 + Y 2
Y sign(Y˙ )/

X2 + Y 2

. (9)
Having the model of the milling process [10] and the damper
(Eq. (9)), damped milling process can be simulated, using
Simulink, as shown in the Figure 5. This simulation will be
used for discussion of damper performance in parameter study
section below.
4. Parameter study
In this study, a tool with 6 flutes (Nt = 6) made of high-
speed steel (E = 200 GPa and ν = 0.3) and dimensions shown
in Figure 6 inmm is considered to study the effect of the damper
(l = 108.5 and 2r3 = 18.66 mm).
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Average (blim) (mm) r2 = 4 (mm) r2 = 4.5 (mm) r2 = 5 (mm) r2 = 5.5 (mm) r2 = 6 (mm)
r1 = 1 3.51 3.69 4.05 4.12 4.06
r1 = 1.5 3.54 3.91 4.15 4.35 4.14
r1 = 2 3.59 4.12 4.23 4.74 4.19
r1 = 2.5 3.46 3.81 4.00 4.13 4.07
r1 = 3 3.32 3.67 3.89 3.95 3.92Figure 6: Dimensions of investigated 6 fluted tool.
Figure 7: SLDs for simple tool and optimally damped tool extracted from
analytical modeling.
In the first step, the SLD for the tool without the damper
(simple tool) has been obtained using time domain simulation
of milling process model presented in [10]. Feed rate is set to
be ft = 0.1 mm/revon a workpiece with Kt = 1500 MPa and
Kr = 0.3. Slotting kind of the milling operation is considered to
obtain the SLD (φst ≈ 0° and φex ≈ 180°). The average of stable
depth of cut from this diagramwhich includes the limit of stable
depth of cut for spindle speeds from 1800 to 6000 by increment
of 50 rpm, is about 3.1 mm. The SLD is depicted in Figure 7 and
compared to the SLD of optimally damped tool that is discussed
in the following paragraph. Here, the average of stable depth of
cut is considered as the index of damper performance.
In order to estimate the optimum values for damper
parameters, Table 1 is introduced. In each row, external radius
of the damper (r2) ranges from 4 to 6 mm by step of 0.5 mm,
and in every column internal radius of damper (r1) varies from
1 to 3 mm by step of 0.5 mm. The hollow cylinder is considered
with four fingers (Nf = 4), and interferences for both internal
and external surfaces (respectively: e1 and e2) of the damper
are taken to be 5µm in order to calculate the pressure between
damper layers. In each box of the table, an average ofmaximum
stable depth of cut for the damped tool, due to the related
damper dimensions of that box, is recorded. This average is the
average of stable depths of cut in the SLD that is obtained as
mentioned before.
Table 1 shows that the best performance for the damper
occurs at (r2 = 5.5, r1 = 2 mm) or (r2 = 5.5, r1 = 1.5 mm).
Since the minimum radius of the tool is about 7.5 mm, a hole
inside itwith a diameter of 5.5mmmay lead to a vulnerable toolbody. Furthermore, a radius of 3mmfor the core can cause some
problem in the press-fitting process. Therefore, dimensions of
(r2 = 5, r1 = 2mm) seem to be the best choice for the damper.
The number of fingers is the next damper performance
criterion which affects the damper force. In Table 2, for a
damped tool with r2 = 5 and r1 = 2 mm, average of stable
depth of cut is recorded for different numbers of fingers from 2
to 8. Table 2 shows that six fingers provide the best performance
for the damper, whereas in [28,29], eight or higher fingers have
been proposed to achieve good performance for the damper.
This difference may be due to the effect of slits width (c) that
is taken into account in the developed model of this paper.
An increase in the number of the slits, which is required to
increase the number of fingers, reduces the friction surface,
leading to a decrease in the damper effect. It is obvious that
approaching the width of slits to zero leads to the damper with
higher performance by generating the frictional resistance even
between fingers.
Figure 7 illustrates SLDs for a simple tool and the tool
with optimal damper inside. Another SLD extracted for the
centrifugal damper, proposed in [28,29], is shown in this figure
so as to have an adequate comparison between performances
of these dampers. In order to obtain the SLD for the optimal
centrifugal damper, reported in [28,29], damper modeling
parameters are given by r2 = 5, r1 = 1.5 mm,Nf = 8, Pin = 0
(no contact) and Pout; Pout that is induced by the centrifugal
force is obtained as follows [29]:
Pout = mfiR¯Ω2/A
= ρNfΩ2 r32 − r31  sin(π/Nf ) /(3πr2). (10)
Figure 7 shows an extreme increasing inmaximumdepth of cut
that is much more than the values obtained by the centrifugal
damper.
5. Finite element modeling
In this section, a finite elementmodel of the tool and damper
is provided. The goal is achieving frequency responses for the
tool and optimally damped tool via harmonic solution of the
finite element model. The harmonic solution is conducted by
applying a harmonic lateral forcewith variable frequency at the
tip of the clamped tool in static or rotating situations. SLDs are
obtained from frequency response functions (FRFs) at the tool
tip, using the analytical method of Altintas [31].
Damped tool is modeled with the same tool characteristics,
but inside the tool should have an axial hole to insert
the damper. Geometry of the tool and optimal damper are
modeled accurately using Solidworks software, then imported
in ANSYS environment as a parasolid. The tool body and the
damper are meshed in ANSYS software, using 20-node solid
elements (solid95) so as to reduce the geometry approximation
significantly [27,29]. Material properties are assumed to be
the same for both tool and damper. In order to model the
contacts between parts and prevent penetration of surfaces,
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r2 = 5 (mm), r1 = 2 (mm) Nf = 2 Nf = 3 Nf = 4 Nf = 5 Nf = 6 Nf = 7 Nf = 8
Average (blim) mm 3.25 4.56 4.23 5.7 6.22 6.14 5.92Figure 8: Finite element model of damped tool with its boundary conditions.
a 3D surface to surface contact algorithm is used where one
surface should be chosen as the contact surface and the other
as the target one. Penalty method is also adopted to eliminate
any penetration. Two contacts are defined in this problem: one
between the internal surface of multi-fingered hollow cylinder
and the core surface and the other between the surface of
axial hole inside the tool body and the external surface of the
multi-fingered hollow cylinder. For the internal contact, the
surface of core is taken as the contact surface, and internal
surface of multi-fingered hollow cylinder is taken as the target
surface. Similarly, for external contact, the external surface of
multi-fingered hollow cylinder and the surface of axial hole
inside the tool body are considered as the contact surface
and the target surface, respectively. CONTA174 that is an 8-
node element is used to represent contact, and sliding between
flexible bodies and TARGE170 is used to represent 3-D target
surfaces for the associated contact element in ANSYS. These
elements overlay solid elements on bodies of assembled parts.
In the definition of contacts, target surfaces are defined as
flexible surfaces. Coulomb frictionmodel is used to describe the
frictional behavior at the contact areas. The friction coefficient
is taken equal to 0.15 that seems to be suitable for a steel-
steel contact [27,29]. Hex and hex dominant mesh styles are
respectively chosen to mesh damper parts and the tool body.
End of the tool which is clamped in the spindle during the
machining process is constrained in r and z directions, as can
be seen in Figure 8.
Number of elements is a key factor in convergence of the
solution. About 31000 elements are used to model a damped
tool (16000 for the tool body 4000 for the damper core, 4313
for the damper fingers and about 6677 elements for the contact
areas). This number is achieved by a convergence study based
on the effect of the number of elements on the FRF Figure 9.
The FRF of the clamped rotating tool is achieved by applying
a lateral harmonic force at the tip of the tool in one direction
(X or Y ) and then by calculating the amplitude of harmonic
displacement in different directions (X, Y ) using finite element
model. The frequency of the applied force varies from 900
to 1500 Hz by a step of 50 Hz based on approximately
computed 1st natural frequency of the clamped tool (ω1 =
3.52

EIAve/(ρAAvel4)). Dividing the amplitude of displacementFigure 9: Convergence of FRF by increasing number of elements.
Figure 10: Direct FRFs of rotating simple tool in X–X direction (Gxx).
to the amplitude of force gives the amplitude of FRF in each
frequency (Gxx = |X |/|Fx|,Gyy = |Y |/|Fy|,Gxy = |X |/|Fy| and
Gyx = |Y |/|Fx|), when the tool rotates with 6000 and 1800 rpm
spindle speeds. Since the friction force of the contact depends
on the amount of displacement or applied force, amplitude of
the harmonic load is chosen equal to 200 N based on chatter
measurements in [32], in order to provide a situation similar
to machining process. According to the proposed analytical
method in [31], the SLD for the tool is obtained using frequency
responses in different directions.
Figures 10 and 11 illustrate the frequency response of
the simple tool without the damper obtained from the finite
element model for a rotating tool with 6000 and 1800 rpm
spindle speeds in X–X (Gxx that is the direct FRF measured by
exciting the tool tip in X direction and installing sensor in the
same direction) and X–Y (Gxy that is the cross FRF measured
by exciting the tool tip in Y direction and installing sensor in X
direction) directions.
Each of these FRF sets gives an SLD. In [33], every point
of SLD is extracted from an SLD which is derived from a
frequency response measured in an associated spindle speed.
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The geometry of the tool, studied in [33], makes measuring the
FRFs at every spindle speed easy. Here, complicated geometry of
tool doesn’t allow us tomeasure the FRF in every spindle speed,
because installation of a sensor on the tip of a rotating tool with
such geometry in high speed seems to be a limitation. FRFs for
every spindle speed can be extracted using ANSYS, however,
too much running time will be required. In order to achieve
a reasonable computational time, only two SLDs are obtained
for the rotating tool with 6000 and 1800 rpm spindle speeds.
These SLDs give two values for the limit of depth of cut at every
spindle speed. The limit of depth of cut for each spindle speed
is computed by a fuzzy linear combination of these SLDs as
follows:
blim(Ω) = blim,6000(Ω)

Ω − 1800
4200

− blim,1800(Ω)

Ω − 6000
4200

, (11)
where blim(Ω) is the composed limit of depth of cut at the
speed of Ω and blim,6000(Ω) and blim,1800(Ω) are limits of
depth of cut at the speed of Ω taken from the SLD of rotating
tool with the speed of 6000 rpm and 1800 rpm, respectively.
Fuzzy combination of SLDs (Eq. (11)) is employed by assuming
two linear membership functions for each SLD. Magnitude
of a membership function assumed for each SLD is equal
to 1 at the corresponding speed of that SLD and linearly
reduces to zero at the other speed. Accordingly, blim(Ω) will
be obtained by adding blim,1800(Ω) and blim,6000(Ω), multiplied
by their membership functions. Therefore, blim(Ω) is close to
blim,1800(Ω) and blim,6000(Ω) whenΩ is close to 1800 rpm and
6000 rpm, respectively.
In order to obtain the analytical SLD in [31], the characteris-
tic equation is formed as follows:
det[[I] +Λ[Go(iωc)]] = 0, (12)
where:
[Go(iωc)]
=
[
αxxGxx(iωc)+ αxyGyx(iωc) αxxGxy(iωc)+ αxyGyy(iωc)
αyxGxx(iωc)+ αyyGyx(iωc) αyxGxy(iωc)+ αyyGyy(iωc).
]
. (13)
The terms αxx, αxy, αyx and αyy depend on the selected starting
and exit angles for the cut (respectively: φst and φex) and the
specific cutting energy coefficient, Kr , which relates the radial
cutting force, Fr , to the tangential cutting force, Ft .Figure 12: SLDs of optimumdamped tool and simple tool by experimental FRFs
and finite element FRFs.
In this paper, unlike [31,33], Gxy and Gyx are not neglected.
Thus, the characteristic equation that gives eigenvalues of the
problem becomes as follows:
a0Λ2 + a1Λ+ 1 = 0, (14)
where:
a0 =

αxxGxx(iωc)+ αxyGyx(iωc)

× αyyGyy(iωc)+ αyxGxy(iωc)
− αxxGxy(iωc)+ αxyGyy(iωc)
× αyxGxx(iωc)+ αyyGyx(iωc) , (15)
a1 = αxxGxx(iωc)+ αxyGyx(iωc)
+αyxGxy(iωc)+ αyyGyy(iωc). (16)
The associated depth of cut and spindle speed for each point on
the SLD is obtained as follows:
blim = −2πRe(Λ)NKt

1+

Im(Λ)
Re(Λ)
2
, (17)
Ω = 2πωc
Nt
60
(γ + 2πN) , (18)
γ = π − 2 tan−1

Im(Λ)
Re(Λ)

, (19)
where N is an integer that corresponds to the individual lobe
numbers (i.e. N = 0 is the most right lobe, N = 1 is the first
lobe from the left, etc.).
In the first step, the SLD for the toolwith no damper has been
obtained by considering the workpiece characteristics already
given as well as slotting type of milling operation (i.e. φst ≈ 0°
and φex ≈ 180°).
Extracted SLD for a simple tool with the aforementioned
dimensions and cutting conditions is shown in the Figure 12.
This SLD includes the limit of stable depth of cut for spindle
speeds from 1800 to 6000 rpm, and it is compared with the
SLD of optimally damped tool thatwill be discussed below. Each
point of this diagram is obtained from fuzzy linear combination
of two stability diagrams, as already mentioned. The average of
stable depth of cut for a simple tool with no damper from this
diagram is equal to 3.6 mm.
By extracting FRFs in different directions for optimal set of
damper parameters, the SLD is plotted for the damped tool
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Figure 14: Direct FRFs of non rotating damped tool and simple tool in X–X
direction (Gxx) obtained with finite element modeling and experiment.
between 1800 and 6000 rpm, spindle speeds where its average
is equal to 7.85mm. Figure 12 shows a comparison between the
SLD of optimum damped tool and simple tool along with those
obtained by the finite element model.
6. Experiments (modal test)
In order to validate the finite element results, a modal test
was performed for both the optimum damped tool and the
simple tool. A tool with the optimal designed damper inside
was fabricated. Wire electrodischarge machining was used to
form fingers of the damper. Modal tests were applied to both
tools in the non-rotating situation, due to the limitation in the
sensor installation on the rotating tool. Tools are clamped in
a machine tool with a collet type holder and excited with an
instrumented hammer (B&K8202) at their tips. Responses were
measured using an optical sensor as shown in Figure 13. Time
domainmeasurementswere collected and transformed into the
frequency domain, using PULSE software in a PC system.
The experimental derived FRFs for both damped and
undamped tools in X–X and X–Y directions (Gxx and Gxy) in the
non-rotating situation are illustrated in Figures 14 and 15.
As it can be seen from Figures 14 and 15 the numerical
and experimental results have excellent coincidence together.
Figure 12 shows the SLDs for the tool with optimum damped
inside and simple tool extracted from non rotating experimen-
tally measured FRFs.
Figures 7 and 12 show a considerable improvement in the
limit of stable depth of cut for the damped tool compared to
its corresponding undamped one. It can be seen that there areFigure 15: Cross FRFs of non rotating damped tool and simple tool in X–Y
direction (Gxy) obtained with finite element modeling and experiment.
differences in stability limits shown in these figures. SLDs de-
picted in Figure 7 show lower values for stable depth of cut in
comparison with Figure 12. It can be attributed to the fact that
a constant pressure on the contact surfaces is taken into con-
sideration in the analytical model for simplicity. However, in
view of the finite element results, this assumption is incorrect
for the analytical model, as mentioned in [29]. Another reason
for their differences in the stability limits is due to ignoring the
feed rate (ft ) in the extraction of SLDs from FRFs based on Altin-
tas method [31] (Figure 12), while the feed rate is incorporated
in the extraction of SLDs from the analytical model (Figure 7).
Furthermore, it can be seen from Figure 12 that there are
differences between SLDs extracted from the experimental FRFs
and the finite element FRFs. This difference is logical because
as mentioned before, experiments were performed in the non-
rotating situation while in the finite element modeling the
rotation was added to the model. Also, inherent error of the
finite element solution is unavoidable.
7. Conclusion
In this paper, a new friction damper for the chatter sup-
pression in the long slender endmill was proposed. An analyt-
ical model for the damper behavior was derived and based on
this model, the damped milling process was simulated. In or-
der to fabricate an effective damped tool whose stable depth
of cut is higher than its customary counterparts, a parameter
study based on the model was conducted by considering dif-
ferent values for the damper and evaluating damper effect on
the SLD. A finite element model was established for the tool
with optimal damper inside it, using ANSYS with the proper
number of elements, and then FRFs of the tool were derived.
An analytical method was used to derive the SLD of the tool
from its frequency response. SLDs were extracted for the sim-
ple (undamped) and damped tools by a fuzzy linear combina-
tion of SLDs for a rotating tool at two spindle speeds (1800 and
6000 rpm). SLDs obtained from the finite element model were
in a good agreement with those obtained from the analytical
model showing a considerable improvement in the stable depth
of cut.
A real specimen of the damped tool with optimal damper
parameters was fabricated, and the modal test was employed.
The experimental results verified the finite element model.
The proposed damper showed a better efficiency than that of
[28,29] in such a way that the stable depth of cut was improved
up to 53%. The proposed damper not only increased thematerial
R. Madoliat et al. / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1069–1077 1077removing rate in the milling process but also causes a better
surface finish with lower tool wear.
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